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● Ingestion of contaminated soils and soil-derived dusts poses a risk to human health 
● Bioaccessible amounts of 9 elements in multi-contaminated soils were determined 
● Soil particle size significantly affected bioaccessible amounts of potentially toxic 
elements 
● It also had significant effects on bioaccessibility of As and Al in intestinal 
environment 
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The unified BARGE method was used to examine the effects of soil particle size on the 23 
bioaccessible amounts of potentially toxic elements in multi-contaminated soils from a closed 24 
landfill site. The results show that bioaccessible As, Al, Cd, Cr, Cu, Mn, Ni, Pb and Zn increased 25 
with decreasing soil particle size and the <0.002 mm soil fraction contained much greater amounts of 26 
the bioaccessible elements, as compared to other soil fractions (0.002-0.063 mm, 0.063-0.125 mm, 27 
and 0.125-0.250 mm). As, Al and Cr had much lower bioaccessibility, as compared to the six 28 
cationic heavy metals. In contrast with other elements, As bioaccessibility tended to be higher in the 29 
gastrointestinal phase than in the gastric phase. There was a significant soil particle size effect on 30 
bioaccessibility of As and Al in the gastrointestinal phase: As bioaccessibility decreased with 31 
decreasing particle size, and the finer soil fractions tended to have a higher Al bioaccessibility, as 32 
compared to the coarser soil fractions. The research findings prompt the need for further division of 33 
soil particle size fractions in order to more accurately assess the bioaccessible amounts of soil-borne 34 
potentially toxic elements in contaminated lands. 35 
Keywords: Soil ingestion, potentially toxic element, bioaccessibility, contaminated land, human 36 










1 Introduction 45 
In vitro methods to simulate dissolution of soil-borne potentially toxic elements (SBPTEs) in 46 
human gastrointestinal tract have gained increasing acceptance as a routine protocol for assessing the 47 
human health risk from ingesting SBPTEs (Oomen et al., 2002; Li et al., 2015). The unified 48 
bioaccessibility method (UBM) developed by the Bioaccessibility Research Group of Europe 49 
(BARGE) recommended the use of <250 µm soil fraction for assessment of bioaccessibility of 50 
SBPTEs (Wragg et al., 2011; Denys et al., 2012; Collins et al., 2015). This assumes that all soil 51 
particles with a diameter less than 250 µm are proportionally ingested by human during a given 52 
period of time. However, it is highly likely that finer soil particles tend to be more ingestible, as 53 
compared to coarser soil particles. For example, Ikegami et al. (2014) found that over 90% of soil 54 
particles adhered to children’s hands were <100 µm in diameter. Ingestible dust particles derived 55 
from soils could be much finer than dermally adhered soil particles (Mahowald et al., 2014). Since 56 
heavy metal concentrations tend to be higher in the finer fraction than in the coarser fraction (Li et 57 
al., 2014; Zong et al., 2016), the standard method using <250 µm soil fraction has its limitations 58 
when being used to assess human health risk associated with soil ingestion by children or ingestion 59 
of soil-derived dusts in the areas adjacent to contaminated lands (Martin et al., 2015). In addition, 60 
most of the work reported so far focused on a limited number of SBPTEs, especially lead and arsenic 61 
(Basta et al., 2007; Denys et al., 2007; Palumbo-Roe and Klinck, 2007; Bosso and Enzweiler, 2008; 62 
Denys et al., 2009; Broadway et al., 2010;  Roussel et al., 2010; Lu et al., 2011; Mingot et al., 2011; 63 
Appleton et al., 2012). For soils contaminated with multiple SBPTEs, the damaging effects of 64 
ingesting such soil materials on human health could be much more severe due to combined toxicity 65 
of various SBPTEs. It is therefore important to understand the simultaneous responses of different 66 
SBPTEs to chemical attack from gastrointestinal fluids in order to better assess the combined toxic 67 
effects of multiple SBPTEs on human beings exposed to different sizes of ingestible soil/soil-derived 68 
dust particles.  69 
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In this study, four further-divided fractions of <250 µm soil fraction were used to examine the 70 
effects of soil particle size on extracting a range of potentially toxic elements from contaminated 71 
soils using the unified bioaccessibility method (UBM) in vitro gastrointestinal tract method. The 72 
objective was to determine whether further particle size division is necessary in order to more 73 
accurately assessing the human health risk from ingestion of multi-contaminated soil/soil dust 74 
particles originated from contaminated lands.  75 
 76 
2 Materials and Methods 77 
2.1 The soil materials 78 
Two multi-contaminated soil materials were selected for this study following a soil screening 79 
test to identify appropriate soil samples from 27 locations within a closed landfill site adjacent to a 80 
residential area in the Greater Manchester region, England. This site received substantial amounts of 81 
industrial wastes during the period of Industrial Revolution. The soil samples were collected from the 82 
surface soil layer (0-10 cm), which is a readily available source of contaminated soil materials for 83 
human ingestion. The soil samples chosen contained a wide range of multiple SBPTEs at elevated 84 
concentrations with Sample FG 1 having a slightly alkaline pH and Sample FG2 having a slightly 85 
acidic pH (Table 1).  86 
After collection, the soil materials were oven-dried at 40 °C and then crushed to pass a series of 87 
sieves (2.00, 0.25, 0.125 and 0.063 mm) to obtain the following soil particle fractions: 0.25-2.00 mm, 88 
0.125-0.250 mm, 0.063-0.125 mm, and <0.063 mm. The <0.063 mm fraction was then suspended in 89 
deionized water and stirred by a magnetic stirrer for 1 h. The dispersed soil suspension was placed in 90 
a 1 L cylinder and stood for 24 h to allow the >0.002 mm soil particles to settle (McCarty et al., 91 
2016). The remaining suspended materials were then separated from the settled soil materials to 92 
obtain two further soil particle fractions: <0.002 mm and 0.002-0.063 mm. The 0.25-2.00 mm 93 
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fraction was not used in this experiment. The four soil fractions tested in this study therefore include: 94 
<0.002 mm, 0.002-0.063 mm, 0.063-0.125 mm and 0.125-0.250 mm. The percentage share of these 95 
different soil fractions in the <0.250 mm soil mass was 1% (<0.002 mm fraction), 13% (0.002-0.063 96 
mm fraction), 32% (0.063-0.125 mm fraction) and 54% (0.125-0.250 mm fraction) for Sample FG1, 97 
and 1% (<0.002 mm fraction), 20% (0.002-0.063 mm fraction), 32% (0.063-0.125 mm fraction) and 98 
47% (0.125-0.250 mm fraction) for Sample FG2 (Table 1). 99 
2.2 Element extraction procedure 100 
The unified BARGE method (Denys et al., 2012) was slightly modified and used for 101 
extraction of a range of elements in the soil samples. Briefly, for the gastric phase extraction, 9.0 mL 102 
of synthetic saliva was added to 0.6 g of each soil sample in a 50 mL centrifuge tube. After shaking 103 
by hand for 10 seconds, 13.5 mL of synthetic gastric fluid was added to the tube. The pH of the 104 
suspension was adjusted to 1.20 ± 0.05 with HCl or NaOH. The capped tube was placed in a water 105 
bath and the content was incubated at 37 °C for 1 h. After incubation, the gastric phase sample was 106 
centrifuged for 15 min at 4500 rpm. The supernatant was then filtered, acidified with 0.5 mL 107 
concentrated HNO3, and stored at 4 °C prior to analysis. For the gastrointestinal phase extraction, a 108 
subsample after gastric phase extraction described above was further treated with 9 mL of synthetic 109 
bile and 27 mL of synthetic duodenal fluids. The pH of the extracting solution was adjusted to 6.3 ± 110 
0.5. The sample was then placed in a water bath and the content was incubated at 37 ºC for a further 111 
4 h. After incubation, the gastrointestinal phase sample was centrifuged for 15 min at 4500 rpm. The 112 
supernatant was then filtered, acidified with 1.0 mL concentrated HNO3 and stored at 4 °C prior to 113 
analysis. 114 
2.3 Analytical methods 115 
The total concentration of various elements in different soil particle fractions was determined 116 
by ICP-OES (Agilent Varian 720-ES) after HNO3-HCl-H2O2 digestion in a microwave digester 117 
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(CEM Corporation MARS 5 Digestion Microwave System). Element concentration in the gastric and 118 
gastrointestinal phase extracts was also measured by ICP-OES. pH in various soil-fluid mixtures was 119 
measured using a calibrated pH meter (JENWAY-3510). 120 
2.4 Statistical analysis methods 121 
Signiﬁcant difference analysis was conducted using SPSS (version 17.0). The experimental 122 
data were analyzed by one-way analysis of variance (ANOVA) and  the  means  compared  using  123 
significant  difference  (Duncan)  method  at  5%  level. The relationships between the total 124 
concentration of various elements and that extracted by the simulated gastric or gastrointestinal fluids 125 
for different soil particle fractions were determined by linear regression.   126 
2.5 Quality control and quality assurance 127 
All the chemicals used in the experiment were of analytical grade. Ultrapure water was used 128 
throughout the entire experiment. The experiment was performed in triplicate and all the samples 129 
were run in a single batch to allow reasonable comparison.  130 
The relative standard deviation (RSD) ranged from 4.02 to 8.72% for the gastric phase and from 131 
4.21 to 9.15% for the intestinal phase, indicating a high level of agreement between replicates of the 132 
experiment runs. Since no appropriate certified reference materials (CRM) with comparable soil 133 
particle size fractions and the required range of contaminants are available at the time of this work, 134 
no CRM was used in this study. While the accuracy of the data was not confirmed, the high 135 
repeatability of replicated experiment ensure that the data are sufficiently precise for comparison 136 
between the different soil particle fractions. Therefore, the experimental data is of satisfactory quality 137 
for this work aiming at examining the effects of soil particle size on mobilization of SBPTEs in 138 




3 Results 141 
3.1 Total element concentration 142 
The total concentration of various elements estimated by HNO3-HCl-H2O2 digestion method is 143 
given in Table 2. In general, there was a clear trend that the concentration of each element 144 
significantly increased with decreasing soil particle size. Except for Cr and As in FG2, the 145 
concentration of any elements for the <0.002 mm fraction was at least 1 time higher than that for the 146 
0.002-0.063 mm fraction.    147 
3.2 Elements by the gastric phase extraction  148 
There was a clear trend that the amount of elements extracted by the synthetic gastric fluid 149 
increased with decreasing particle size for all the investigated elements in all the two samples (Table 150 
3).  The <0.002 mm fraction had the absolutely highest concentration in all cases with a value at least 151 
1 time higher than that of any other soil particle fractions. In FG1, there was no significant difference 152 
in concentration between the 0.063-0.125 mm fraction and the 0.125-0.25 mm fraction for Al, Cr, 153 
Fe,Ni, Pb and Zn. In FG2, there was no significant difference in concentration between the 0.002-154 
0.063 mm fraction and the 0.063-0.125 mm fraction for Al, As, Cu, Fe, Mn, Pb and Zn. 155 
3.3 Elements by the gastrointestinal phase extraction  156 
A similar trend to the gastric phase extraction was observed for the gastrointestinal phase (Table 157 
4). The amount of elements extracted tended to increase with decreasing particle size for all the 158 
investigated elements in all the two samples.  The <0.002 mm fraction had the absolutely highest 159 
concentration in all cases though the value gap between the <0.002 mm fraction and other fractions 160 
was not as large as those in the gastric phase. In FG1, there was no significant difference in 161 
concentration between the 0.063-0.125 mm fraction and the 0.125-0.25 mm fraction for the amount 162 
of elements, except for Cu and Mn. In FG2, there was no significant difference in As between the 163 
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0.002-0.063 mm fraction and the 0.063-0.125 mm fraction, and Cr between the 0.063-0.125 mm 164 
fraction and the 0.125-0.25 mm fraction. 165 
 166 
4 Discussion 167 
There was a close relationship between the total concentration and either gastric phase or 168 
gastrointestinal phase for all the investigated elements (Table 5). This indicates the strong control of 169 
total amount of an element on the mobilizable amounts of that element in the gastrointestinal tract. 170 
Therefore, the observed trend that the bioaccessible amount of either gastric phase or gastrointestinal 171 
phase increased with decreasing soil particle size can be largely attributed to the increase in the total 172 
element concentration with decreasing soil particle size. In terms of bioaccessibility (the percentage 173 
of bioaccessible fraction in the total element pool), the particle size effect was more complex for the 174 
investigated elements (Fig. 1 and Fig. 2). 175 
The bioaccessibility of the investigated elements varied from element to element. For arsenic, 176 
the bioaccessibility for the gastric and intestinal phases were less than 7% and 13% (Fig. 1b and Fig. 177 
2b), respectively. The relatively higher bioaccesibility of As in gastrointestinal phase in spite of 178 
higher pH in the extracting solution suggests that mobilization of soil-borne As in the gastrointestinal 179 
tract was not largely controlled by the fluid acidity. During the gastric phase extraction, As bound to 180 
iron compounds might be mobilized due to dissolution of these iron compounds under acidic 181 
conditions. However, the dissolution rate of iron compounds tended to be very small with only <1% 182 
of the total soil Fe being dissolved in the simulated gastric fluid for most of the soil particle fractions 183 
(refer to Tables 2 and Table 3). This low solubility of iron compounds could limit the release of As 184 
from the soil. During the intestinal phase extraction, the introduction of bicarbonate could enhance 185 
the liberation of As from the soil under circumneutral pH conditions (Saalfield and Bostick, 2010). 186 
There was no statistically significant difference in gastric phase of As among the four different 187 
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particle fractions. However, the bioaccessibility of the gastrointestinal As phase decreased 188 
significantly with decreasing particle size, suggesting that As species held by the coarser soil 189 
particles tended to be mobilized easily in the intestinal environment. This may be attributed to 190 
weaker affinity between the As species and the binding site on the coarser soil particles. Li et al. 191 
(2015) also observed higher As bioaccessibility for gastrointestinal phase, relative to gastric phase in 192 
some As-contaminated soils. 193 
Another oxyanion-forming element, Cr, also had very low bioaccessibility (<4%) in both the 194 
simulated gastric and gastrointestinal environments (Fig. 1d and Fig. 2d). However, unlike As, Cr 195 
bioaccessibility tended to be higher under the simulated gastric conditions than under the simulated 196 
gastrointestinal conditions, suggesting that the acidity of digestive fluid plays a certain role in 197 
mobilizing Cr in gastrointestinal tract. The results obtained from this study generally agreed with the 198 
work by Broadway et al. (2010) who reported a Cr bioaccessibility of 5% in some Glasgow soils and 199 
the bioaccessibility of Cr was greater in the gastric phase than in the gastrointestinal phase by a 200 
factor of 1.5. 201 
In contrast with oxyanion-forming elements, all other metals investigated in this study showed 202 
much higher bioaccessibility in the simulated gastric environment (>30% except for Ni; refer to Fig. 203 
1c, Fig. 1e-i, Fig. 2c and Fig. 2e-i). This suggests that most of soil-borne heavy metals were highly 204 
soluble in the simulated gastric fluid. However, it is interesting to note that the bioaccessibility of 205 
these metals was also very much higher in the simulated gastrointestinal environment where the fluid 206 
pH was raised to 6.3. This can be attributed to the presence of digestive enzymes and bile in the 207 
simulated intestinal fluid (Oomen et al., 2004; Li et al., 2013). Bile is capable of forming soluble 208 
metal complexes under non-acidic pH conditions (Feroci et al., 1995; Oomen et al., 2003). Within 209 
these metals, Cu exhibited an unusually high bioaccessibility (>35% for FG1 and >25% for FG2). 210 
This was in agreement with work by Li et al. (2013) who found that Cu had much higher 211 
bioaccessibility, as compared to other divalent heavy metals.  212 
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The relatively low bioaccessibility of Pb may be attributed to its low solubility under high pH 213 
conditions.  Close examination found that for Cd, Cu, Pb and Zn in FG1, the bioaccessibility tended 214 
to be higher in the coarser fraction than in the finer fractions, suggesting that for certain soil 215 
materials, a higher proportion of these metals that are bound to coarser particles may be liberated 216 
from the surfaces of these soil particles. 217 
Aluminium (Al) bioaccessibility ranged from 5.9 to 13% for the gastric phase. However, it 218 
markedly decreased to less than 3% for the gastrointestinal phase (Fig. 1a and Fig. 2a). This reflected 219 
re-immobilization of Al upon change in pH from 1.2 under gastric condition to 6.3 under intestinal 220 
condition.  Shock et al. (2007) investigated the bioaccessibility of Al in the soils affected by mine 221 
dust deposition and found a range of 0.31−4.0% for Al bioaccessibility in the gastric phase. They 222 
concluded that the low value of Al bioaccessibility in their samples was consistent with the 223 
predominance of Al in relatively insoluble aluminosilicate minerals. Reis et al. (2014) also reported a 224 
level of gastric phase Al bioaccessibility similar to that of Shock et al. (2007) for some French soils 225 
and dusts. The relatively higher gastric phase Al bioaccessibility of soils in this study appears to 226 
suggest that there was a higher proportion of more soluble Al species present in the investigated 227 
soils. It is interesting to note that the gastrointestinal phase Al bioaccessibility tended to be higher in 228 
the finer fractions (<0.002 mm and 0.002-0.063 mm) than in the coarser fractions (0.063-0.125 mm 229 
and 0.125-0.250 mm). The reasons for this are not clear. Probably, the finer fractions contained more 230 
organically complexed Al species, which could stay soluble under circumneutral pH conditions 231 
(Driscoll and Letterman, 1988) such as that in the simulated intestinal environment.   232 
The research findings obtained from this study have implications for assessing health risk 233 
associated with human exposure to ingestible contaminated soils. For more accurate evaluation of 234 
human health risk from contaminated soil/soil-originated dusts, further division of finer soil fractions 235 
from the standard <0.25 mm fraction is needed.  For the clay fraction (<0.002 mm), significantly 236 
larger amounts of elements are mobilized in the simulated gastric and intestinal environments. This 237 
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increased amount of bioaccessible SBPTEs is particularly relevant to assessing human health risk 238 
from exposure to contaminated soils in areas experiencing frequent strong wind. Previous research 239 
demonstrated that the heavy metals could move with wind along the wind direction and the soil 240 
samples had higher heavy metal concentrations at the downwind direction (Chen et al., 2010). While 241 
Al is viewed as a potentially toxic element (Krewski et al., 2007), bioaccessibility assessment of soil-242 
borne Al is rare. The significantly elevated gastrointestinal phase Al bioaccessibility in the finer soil 243 
fractions discovered in this study is important since bioaccessible Al tends to be primarily adsorbed 244 
in the distal intestine (Krewski et al., 2007). 245 
 246 
5 Conclusion 247 
The size of soil particles had significant effects on the bioaccessible elements of potential 248 
toxicity. There was a clear trend showing that As, Al, Cd, Cr, Cu, Mn, Ni, Pb and Zn increased with 249 
decreasing soil particle size and the <0.002 mm soil fraction contained much greater amounts of the 250 
bioaccessible elements, as compared to the coarser soil fractions investigated in this study. Cd, Cu, 251 
Mn, Ni, Pb and Zn tended to have much greater bioaccessibility than did As, Al and Cr. As 252 
bioaccessibility tended to be higher in the gastrointestinal phase than in the gastric phase. There was 253 
a significant soil particle size effect on bioaccessibility of As and Al in the gastrointestinal phase. As 254 
bioaccessibility decreased with decreasing particle size. But Al bioaccessibility tended to be higher 255 
in the finer soil fractions than in the coarser soil fractions. The research findings obtained from this 256 
study have implications for improving human health risk assessment associated with ingestion of 257 
contaminated soil and soil-originated dusts. There is a need for further division of soil particle size 258 
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Figure 1 Bioaccessibility of (a) Al, (b) As, (c) Cd, (d) Cr, (e) Cu, (f) Mn, (g) Ni, (h) Pb and (i) 365 
Zn in the simulated gastric environment. All values are presented as mean ± standard 366 
error (n=3) and bars with different letters indicate significantly different (P < 0.05) 367 
Figure 2  Bioaccessibility of (a) Al, (b) As, (c) Cd, (d) Cr, (e) Cu, (f) Mn, (g) Ni, (h) Pb and (i) 368 
Zn in the simulated gastrointestinal environment. All values are presented as mean ± 369 









,  Obinna Elijah Nworie
2





College of Natural Resources and Environment, South China Agricultural University, Guangzhou, 5 
China 6 
2
School of Environment and Life Science, University of Salford, Greater Manchester M5 4WT 7 
United Kingdom 8 
 9 












*Revised manuscript with no changes marked




The unified BARGE method was used to examine the effects of soil particle size on the 23 
bioaccessible amounts of potentially toxic elements in multi-contaminated soils from a closed 24 
landfill site. The results show that bioaccessible As, Al, Cd, Cr, Cu, Mn, Ni, Pb and Zn increased 25 
with decreasing soil particle size and the <0.002 mm soil fraction contained much greater amounts of 26 
the bioaccessible elements, as compared to other soil fractions (0.002-0.063 mm, 0.063-0.125 mm, 27 
and 0.125-0.250 mm). As, Al and Cr had much lower bioaccessibility, as compared to the six 28 
cationic heavy metals. In contrast with other elements, As bioaccessibility tended to be higher in the 29 
gastrointestinal phase than in the gastric phase. There was a significant soil particle size effect on 30 
bioaccessibility of As and Al in the gastrointestinal phase: As bioaccessibility decreased with 31 
decreasing particle size, and the finer soil fractions tended to have a higher Al bioaccessibility, as 32 
compared to the coarser soil fractions. The research findings prompt the need for further division of 33 
soil particle size fractions in order to more accurately assess the bioaccessible amounts of soil-borne 34 
potentially toxic elements in contaminated lands. 35 
Keywords: Soil ingestion, potentially toxic element, bioaccessibility, contaminated land, human 36 










1 Introduction 45 
In vitro methods to simulate dissolution of soil-borne potentially toxic elements (SBPTEs) in 46 
human gastrointestinal tract have gained increasing acceptance as a routine protocol for assessing the 47 
human health risk from ingesting SBPTEs (Oomen et al., 2002; Li et al., 2015). The unified 48 
bioaccessibility method (UBM) developed by the Bioaccessibility Research Group of Europe 49 
(BARGE) recommended the use of <250 µm soil fraction for assessment of bioaccessibility of 50 
SBPTEs (Wragg et al., 2011; Denys et al., 2012; Collins et al., 2015). This assumes that all soil 51 
particles with a diameter less than 250 µm are proportionally ingested by human during a given 52 
period of time. However, it is highly likely that finer soil particles tend to be more ingestible, as 53 
compared to coarser soil particles. For example, Ikegami et al. (2014) found that over 90% of soil 54 
particles adhered to children’s hands were <100 µm in diameter. Ingestible dust particles derived 55 
from soils could be much finer than dermally adhered soil particles (Mahowald et al., 2014). Since 56 
heavy metal concentrations tend to be higher in the finer fraction than in the coarser fraction (Li et 57 
al., 2014; Zong et al., 2016), the standard method using <250 µm soil fraction has its limitations 58 
when being used to assess human health risk associated with soil ingestion by children or ingestion 59 
of soil-derived dusts in the areas adjacent to contaminated lands (Martin et al., 2015). In addition, 60 
most of the work reported so far focused on a limited number of SBPTEs, especially lead and arsenic 61 
(Basta et al., 2007; Denys et al., 2007; Palumbo-Roe and Klinck, 2007; Bosso and Enzweiler, 2008; 62 
Denys et al., 2009; Broadway et al., 2010;  Roussel et al., 2010; Lu et al., 2011; Mingot et al., 2011; 63 
Appleton et al., 2012). For soils contaminated with multiple SBPTEs, the damaging effects of 64 
ingesting such soil materials on human health could be much more severe due to combined toxicity 65 
of various SBPTEs. It is therefore important to understand the simultaneous responses of different 66 
SBPTEs to chemical attack from gastrointestinal fluids in order to better assess the combined toxic 67 
effects of multiple SBPTEs on human beings exposed to different sizes of ingestible soil/soil-derived 68 
dust particles.  69 
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In this study, four further-divided fractions of <250 µm soil fraction were used to examine the 70 
effects of soil particle size on extracting a range of potentially toxic elements from contaminated 71 
soils using the unified bioaccessibility method (UBM) in vitro gastrointestinal tract method. The 72 
objective was to determine whether further particle size division is necessary in order to more 73 
accurately assessing the human health risk from ingestion of multi-contaminated soil/soil dust 74 
particles originated from contaminated lands.  75 
 76 
2 Materials and Methods 77 
2.1 The soil materials 78 
Two multi-contaminated soil materials were selected for this study following a soil screening 79 
test to identify appropriate soil samples from 27 locations within a closed landfill site adjacent to a 80 
residential area in the Greater Manchester region, England. This site received substantial amounts of 81 
industrial wastes during the period of Industrial Revolution. The soil samples were collected from the 82 
surface soil layer (0-10 cm), which is a readily available source of contaminated soil materials for 83 
human ingestion. The soil samples chosen contained a wide range of multiple SBPTEs at elevated 84 
concentrations with Sample FG 1 having a slightly alkaline pH and Sample FG2 having a slightly 85 
acidic pH (Table 1).  86 
After collection, the soil materials were oven-dried at 40 °C and then crushed to pass a series of 87 
sieves (2.00, 0.25, 0.125 and 0.063 mm) to obtain the following soil particle fractions: 0.25-2.00 mm, 88 
0.125-0.250 mm, 0.063-0.125 mm, and <0.063 mm. The <0.063 mm fraction was then suspended in 89 
deionized water and stirred by a magnetic stirrer for 1 h. The dispersed soil suspension was placed in 90 
a 1 L cylinder and stood for 24 h to allow the >0.002 mm soil particles to settle (McCarty et al., 91 
2016). The remaining suspended materials were then separated from the settled soil materials to 92 
obtain two further soil particle fractions: <0.002 mm and 0.002-0.063 mm. The 0.25-2.00 mm 93 
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fraction was not used in this experiment. The four soil fractions tested in this study therefore include: 94 
<0.002 mm, 0.002-0.063 mm, 0.063-0.125 mm and 0.125-0.250 mm. The percentage share of these 95 
different soil fractions in the <0.250 mm soil mass was 1% (<0.002 mm fraction), 13% (0.002-0.063 96 
mm fraction), 32% (0.063-0.125 mm fraction) and 54% (0.125-0.250 mm fraction) for Sample FG1, 97 
and 1% (<0.002 mm fraction), 20% (0.002-0.063 mm fraction), 32% (0.063-0.125 mm fraction) and 98 
47% (0.125-0.250 mm fraction) for Sample FG2 (Table 1). 99 
2.2 Element extraction procedure 100 
The unified BARGE method (Denys et al., 2012) was slightly modified and used for 101 
extraction of a range of elements in the soil samples. Briefly, for the gastric phase extraction, 9.0 mL 102 
of synthetic saliva was added to 0.6 g of each soil sample in a 50 mL centrifuge tube. After shaking 103 
by hand for 10 seconds, 13.5 mL of synthetic gastric fluid was added to the tube. The pH of the 104 
suspension was adjusted to 1.20 ± 0.05 with HCl or NaOH. The capped tube was placed in a water 105 
bath and the content was incubated at 37 °C for 1 h. After incubation, the gastric phase sample was 106 
centrifuged for 15 min at 4500 rpm. The supernatant was then filtered, acidified with 0.5 mL 107 
concentrated HNO3, and stored at 4 °C prior to analysis. For the gastrointestinal phase extraction, a 108 
subsample after gastric phase extraction described above was further treated with 9 mL of synthetic 109 
bile and 27 mL of synthetic duodenal fluids. The pH of the extracting solution was adjusted to 6.3 ± 110 
0.5. The sample was then placed in a water bath and the content was incubated at 37 ºC for a further 111 
4 h. After incubation, the gastrointestinal phase sample was centrifuged for 15 min at 4500 rpm. The 112 
supernatant was then filtered, acidified with 1.0 mL concentrated HNO3 and stored at 4 °C prior to 113 
analysis. 114 
2.3 Analytical methods 115 
The total concentration of various elements in different soil particle fractions was determined 116 
by ICP-OES (Agilent Varian 720-ES) after HNO3-HCl-H2O2 digestion in a microwave digester 117 
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(CEM Corporation MARS 5 Digestion Microwave System). Element concentration in the gastric and 118 
gastrointestinal phase extracts was also measured by ICP-OES. pH in various soil-fluid mixtures was 119 
measured using a calibrated pH meter (JENWAY-3510). 120 
2.4 Statistical analysis methods 121 
Signiﬁcant difference analysis was conducted using SPSS (version 17.0). The experimental 122 
data were analyzed by one-way analysis of variance (ANOVA) and  the  means  compared  using  123 
significant  difference  (Duncan)  method  at  5%  level. The relationships between the total 124 
concentration of various elements and that extracted by the simulated gastric or gastrointestinal fluids 125 
for different soil particle fractions were determined by linear regression.   126 
2.5 Quality control and quality assurance 127 
All the chemicals used in the experiment were of analytical grade. Ultrapure water was used 128 
throughout the entire experiment. The experiment was performed in triplicate and all the samples 129 
were run in a single batch to allow reasonable comparison.  130 
The relative standard deviation (RSD) ranged from 4.02 to 8.72% for the gastric phase and from 131 
4.21 to 9.15% for the intestinal phase, indicating a high level of agreement between replicates of the 132 
experiment runs. Since no appropriate certified reference materials (CRM) with comparable soil 133 
particle size fractions and the required range of contaminants are available at the time of this work, 134 
no CRM was used in this study. While the accuracy of the data was not confirmed, the high 135 
repeatability of replicated experiment ensure that the data are sufficiently precise for comparison 136 
between the different soil particle fractions. Therefore, the experimental data is of satisfactory quality 137 
for this work aiming at examining the effects of soil particle size on mobilization of SBPTEs in 138 




3 Results 141 
3.1 Total element concentration 142 
The total concentration of various elements estimated by HNO3-HCl-H2O2 digestion method is 143 
given in Table 2. In general, there was a clear trend that the concentration of each element 144 
significantly increased with decreasing soil particle size. Except for Cr and As in FG2, the 145 
concentration of any elements for the <0.002 mm fraction was at least 1 time higher than that for the 146 
0.002-0.063 mm fraction.    147 
3.2 Elements by the gastric phase extraction  148 
There was a clear trend that the amount of elements extracted by the synthetic gastric fluid 149 
increased with decreasing particle size for all the investigated elements in all the two samples (Table 150 
3).  The <0.002 mm fraction had the absolutely highest concentration in all cases with a value at least 151 
1 time higher than that of any other soil particle fractions. In FG1, there was no significant difference 152 
in concentration between the 0.063-0.125 mm fraction and the 0.125-0.25 mm fraction for Al, Cr, 153 
Fe,Ni, Pb and Zn. In FG2, there was no significant difference in concentration between the 0.002-154 
0.063 mm fraction and the 0.063-0.125 mm fraction for Al, As, Cu, Fe, Mn, Pb and Zn. 155 
3.3 Elements by the gastrointestinal phase extraction  156 
A similar trend to the gastric phase extraction was observed for the gastrointestinal phase (Table 157 
4). The amount of elements extracted tended to increase with decreasing particle size for all the 158 
investigated elements in all the two samples.  The <0.002 mm fraction had the absolutely highest 159 
concentration in all cases though the value gap between the <0.002 mm fraction and other fractions 160 
was not as large as those in the gastric phase. In FG1, there was no significant difference in 161 
concentration between the 0.063-0.125 mm fraction and the 0.125-0.25 mm fraction for the amount 162 
of elements, except for Cu and Mn. In FG2, there was no significant difference in As between the 163 
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0.002-0.063 mm fraction and the 0.063-0.125 mm fraction, and Cr between the 0.063-0.125 mm 164 
fraction and the 0.125-0.25 mm fraction. 165 
 166 
4 Discussion 167 
There was a close relationship between the total concentration and either gastric phase or 168 
gastrointestinal phase for all the investigated elements (Table 5). This indicates the strong control of 169 
total amount of an element on the mobilizable amounts of that element in the gastrointestinal tract. 170 
Therefore, the observed trend that the bioaccessible amount of either gastric phase or gastrointestinal 171 
phase increased with decreasing soil particle size can be largely attributed to the increase in the total 172 
element concentration with decreasing soil particle size. In terms of bioaccessibility (the percentage 173 
of bioaccessible fraction in the total element pool), the particle size effect was more complex for the 174 
investigated elements (Fig. 1 and Fig. 2). 175 
The bioaccessibility of the investigated elements varied from element to element. For arsenic, 176 
the bioaccessibility for the gastric and intestinal phases were less than 7% and 13% (Fig. 1b and Fig. 177 
2b), respectively. The relatively higher bioaccesibility of As in gastrointestinal phase in spite of 178 
higher pH in the extracting solution suggests that mobilization of soil-borne As in the gastrointestinal 179 
tract was not largely controlled by the fluid acidity. During the gastric phase extraction, As bound to 180 
iron compounds might be mobilized due to dissolution of these iron compounds under acidic 181 
conditions. However, the dissolution rate of iron compounds tended to be very small with only <1% 182 
of the total soil Fe being dissolved in the simulated gastric fluid for most of the soil particle fractions 183 
(refer to Tables 2 and Table 3). This low solubility of iron compounds could limit the release of As 184 
from the soil. During the intestinal phase extraction, the introduction of bicarbonate could enhance 185 
the liberation of As from the soil under circumneutral pH conditions (Saalfield and Bostick, 2010). 186 
There was no statistically significant difference in gastric phase of As among the four different 187 
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particle fractions. However, the bioaccessibility of the gastrointestinal As phase decreased 188 
significantly with decreasing particle size, suggesting that As species held by the coarser soil 189 
particles tended to be mobilized easily in the intestinal environment. This may be attributed to 190 
weaker affinity between the As species and the binding site on the coarser soil particles. Li et al. 191 
(2015) also observed higher As bioaccessibility for gastrointestinal phase, relative to gastric phase in 192 
some As-contaminated soils. 193 
Another oxyanion-forming element, Cr, also had very low bioaccessibility (<4%) in both the 194 
simulated gastric and gastrointestinal environments (Fig. 1d and Fig. 2d). However, unlike As, Cr 195 
bioaccessibility tended to be higher under the simulated gastric conditions than under the simulated 196 
gastrointestinal conditions, suggesting that the acidity of digestive fluid plays a certain role in 197 
mobilizing Cr in gastrointestinal tract. The results obtained from this study generally agreed with the 198 
work by Broadway et al. (2010) who reported a Cr bioaccessibility of 5% in some Glasgow soils and 199 
the bioaccessibility of Cr was greater in the gastric phase than in the gastrointestinal phase by a 200 
factor of 1.5. 201 
In contrast with oxyanion-forming elements, all other metals investigated in this study showed 202 
much higher bioaccessibility in the simulated gastric environment (>30% except for Ni; refer to Fig. 203 
1c, Fig. 1e-i, Fig. 2c and Fig. 2e-i). This suggests that most of soil-borne heavy metals were highly 204 
soluble in the simulated gastric fluid. However, it is interesting to note that the bioaccessibility of 205 
these metals was also very much higher in the simulated gastrointestinal environment where the fluid 206 
pH was raised to 6.3. This can be attributed to the presence of digestive enzymes and bile in the 207 
simulated intestinal fluid (Oomen et al., 2004; Li et al., 2013). Bile is capable of forming soluble 208 
metal complexes under non-acidic pH conditions (Feroci et al., 1995; Oomen et al., 2003). Within 209 
these metals, Cu exhibited an unusually high bioaccessibility (>35% for FG1 and >25% for FG2). 210 
This was in agreement with work by Li et al. (2013) who found that Cu had much higher 211 
bioaccessibility, as compared to other divalent heavy metals.  212 
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The relatively low bioaccessibility of Pb may be attributed to its low solubility under high pH 213 
conditions.  Close examination found that for Cd, Cu, Pb and Zn in FG1, the bioaccessibility tended 214 
to be higher in the coarser fraction than in the finer fractions, suggesting that for certain soil 215 
materials, a higher proportion of these metals that are bound to coarser particles may be liberated 216 
from the surfaces of these soil particles. 217 
Aluminium (Al) bioaccessibility ranged from 5.9 to 13% for the gastric phase. However, it 218 
markedly decreased to less than 3% for the gastrointestinal phase (Fig. 1a and Fig. 2a). This reflected 219 
re-immobilization of Al upon change in pH from 1.2 under gastric condition to 6.3 under intestinal 220 
condition.  Shock et al. (2007) investigated the bioaccessibility of Al in the soils affected by mine 221 
dust deposition and found a range of 0.31−4.0% for Al bioaccessibility in the gastric phase. They 222 
concluded that the low value of Al bioaccessibility in their samples was consistent with the 223 
predominance of Al in relatively insoluble aluminosilicate minerals. Reis et al. (2014) also reported a 224 
level of gastric phase Al bioaccessibility similar to that of Shock et al. (2007) for some French soils 225 
and dusts. The relatively higher gastric phase Al bioaccessibility of soils in this study appears to 226 
suggest that there was a higher proportion of more soluble Al species present in the investigated 227 
soils. It is interesting to note that the gastrointestinal phase Al bioaccessibility tended to be higher in 228 
the finer fractions (<0.002 mm and 0.002-0.063 mm) than in the coarser fractions (0.063-0.125 mm 229 
and 0.125-0.250 mm). The reasons for this are not clear. Probably, the finer fractions contained more 230 
organically complexed Al species, which could stay soluble under circumneutral pH conditions 231 
(Driscoll and Letterman, 1988) such as that in the simulated intestinal environment.   232 
The research findings obtained from this study have implications for assessing health risk 233 
associated with human exposure to ingestible contaminated soils. For more accurate evaluation of 234 
human health risk from contaminated soil/soil-originated dusts, further division of finer soil fractions 235 
from the standard <0.25 mm fraction is needed.  For the clay fraction (<0.002 mm), significantly 236 
larger amounts of elements are mobilized in the simulated gastric and intestinal environments. This 237 
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increased amount of bioaccessible SBPTEs is particularly relevant to assessing human health risk 238 
from exposure to contaminated soils in areas experiencing frequent strong wind. Previous research 239 
demonstrated that the heavy metals could move with wind along the wind direction and the soil 240 
samples had higher heavy metal concentrations at the downwind direction (Chen et al., 2010). While 241 
Al is viewed as a potentially toxic element (Krewski et al., 2007), bioaccessibility assessment of soil-242 
borne Al is rare. The significantly elevated gastrointestinal phase Al bioaccessibility in the finer soil 243 
fractions discovered in this study is important since bioaccessible Al tends to be primarily adsorbed 244 
in the distal intestine (Krewski et al., 2007). 245 
 246 
5 Conclusion 247 
The size of soil particles had significant effects on the bioaccessible elements of potential 248 
toxicity. There was a clear trend showing that As, Al, Cd, Cr, Cu, Mn, Ni, Pb and Zn increased with 249 
decreasing soil particle size and the <0.002 mm soil fraction contained much greater amounts of the 250 
bioaccessible elements, as compared to the coarser soil fractions investigated in this study. Cd, Cu, 251 
Mn, Ni, Pb and Zn tended to have much greater bioaccessibility than did As, Al and Cr. As 252 
bioaccessibility tended to be higher in the gastrointestinal phase than in the gastric phase. There was 253 
a significant soil particle size effect on bioaccessibility of As and Al in the gastrointestinal phase. As 254 
bioaccessibility decreased with decreasing particle size. But Al bioaccessibility tended to be higher 255 
in the finer soil fractions than in the coarser soil fractions. The research findings obtained from this 256 
study have implications for improving human health risk assessment associated with ingestion of 257 
contaminated soil and soil-originated dusts. There is a need for further division of soil particle size 258 







The authors would like to thank Matthew Dennis for his kind assistance in sample analysis by 264 
ICP-OES. Osim Enya provided some assistance in field investigation. Junhao Qin received a visiting 265 
PhD studentship from the South China Agricultural University, which allows him to join the 266 
University of Salford team and play a key role in conducting the experiment reported in this study. 267 
Obinna Elijah Nworie is supported by a PhD scholarship from the Nigerian Government.   268 
 269 
References 270 
Appleton, J.D., Cave, M.R., Wragg, J., 2012. Modelling lead bioaccessibility in urban topsoils based 271 
on data from Glasgow, London, Northampton and Swansea, UK. Environ. Pollut. 171, 265-272. 272 
Basta, N.T., Foster, J.N., Dayton, E.A., Rodriguez, R.R., Casteel, S.W., 2007. The effect of dosing 273 
vehicle on arsenic bioaccessibility in smelter-contaminated soils. J. Environ. Sci. Heal. A. 42, 274 
1275-1281. 275 
Bosso, S.T., Enzweiler, J., 2008. Bioaccessible lead in soils, slag, and mine wastes from an 276 
abandoned mining district in Brazil. Environ. Geochem. Health. 30, 219-229. 277 
Broadway, A., Cave, M.R., Wragg, J., Fordyce, F.M., Bewley, R.J.F., Graham, M.C., Ngwenya, 278 
B.T., Farmer, J.G., 2010. Determination of the bioaccessibility of chromium in Glasgow soil and 279 
the implications for human health risk assessment. Sci. Total. Environ. 409, 267-277. 280 
Chen, X., Xia, X.H., Zhao, Y., Zhang, P., 2010. Heavy metal concentrations in roadside soils and 281 
correlation with urban traffic in Beijing, China. J. Hazard. Mater. 181, 640-646. 282 
Collins, C.D., Craggs, M., Garcia-Alcega, S., Kademoglou, K., Lowe, S., 2015. Towards a uniﬁed 283 




Denys, S., Caboche, J., Tack, K., Delalain, P., 2007. Bioaccessibility of lead in high carbonate soils. 286 
J. Environ. Sci. Health. A. 42, 1331-1339. 287 
Denys, S., Tack, K., Caboche, J., Delalain, P., 2009. Bioaccessibility, solid phase distribution, and 288 
speciation of Sb in soils and in digestive fluids. Chemosphere. 74, 711-716. 289 
Denys, S., Caboche, J., Tack, K., Rychen, G., Wragg, J., Cave, M., Jondreville, C., Feidt, C., 2012. 290 
In vivo validation of the uniﬁed BARGE method to assess the bioaccessibility of arsenic, 291 
antimony, cadmium, and lead in soil. Environ. Sci. Technol. 46, 6252-6260. 292 
Driscoll, C.T., Letterman, R.D., 1988. Chemistry and fate of Al (III) in treated drinking water. J. 293 
Environ. Eng. 114, 21-37. 294 
Feroci, G., Fini, A., Fazio, G., Zuman, P., 1995. Interaction between dihydroxy bile salts and 295 
divalent heavy metal ions studied by polarography. Anal. Chem. 67, 4077-4085. 296 
Ikegami, M., Yoneda, M., Tsuji, T., Bannai, O., Morisawa, S., 2014. Effect of particle size on risk 297 
assessment of direct soil ingestion and metals adhered to children's hands at playgrounds. Risk. 298 
Anal. 34, 1677-1687. 299 
Krewski, D., Yokel, R.A., Nieboer, E., Borchelt, D., Cohen, J., Harry, J., Kacew, S., Lindsay, J., 300 
Mahfouz, A.M., Rondeau, V., 2007. Human health risk assessment for aluminium, aluminium 301 
oxide, and aluminium hydroxide. J. Toxicol. Env. Heal. B. 10, 1-269. 302 
Li, Q., Ji, H.B., Qin, F., Tang, L., Guo, X.Y., Feng, J.G., 2014. Sources and the distribution of heavy 303 
metals in the particle size of soil polluted by gold mining upstream of Miyun Reservoir, Beijing: 304 
implications for assessing the potential risks. Environ. Monit. Asses. 186, 6605-6626. 305 
Li, H.B., Li, J., Zhu, Y.G., Juhasz, A.L., Ma, L.Q., 2015. Comparison of arsenic bioaccessibility in 306 
housedust and contaminated soils based on four in vitro assays. Sci. Total. Environ. 532, 803-811. 307 
Li, S.W., Li, J., Li, H.B., Naidu, R., Ma, L.Q., 2015. Arsenic bioaccessibility in contaminated soils: 308 
Coupling in vitro assays with sequential and HNO3 extraction. J. Hazard. Mater. 295, 145-152. 309 
Li, Y., Demisie, W., Zhang, M.K., 2013. The function of digestive enzymes on Cu, Zn, and Pb 310 
release from soil in in vitro digestion tests. Environ. Sci. Pollut. Res. 20, 4993-5002. 311 
 14 
 
Lu, Y., Yin, W., Huang, L.B., Zhang, G.L., Zhao, Y.G., 2011. Assessment of bioaccessibility and 312 
exposure risk of arsenic and lead in urban soils of Guangzhou City, China. Environ. Geochem. 313 
Health. 33, 93-102. 314 
Mahowald, N., Albani, S., Kok, J.F., Engelstaeder, S., Scanza, R., Ward, D. S., Flanner, M.G., 2014. 315 
The size distribution of desert dust aerosols and its impact on the Earth system. Aeolian. Res. 15, 316 
53-71. 317 
Martin, R., Dowling, K., Pearce, D.C., Florentine, S., Bennett, J.W., Stopic, A., 2015. Size-318 
dependent characterisation of historical gold mine wastes to examine human pathways of exposure 319 
to arsenic and other potentially toxic elements. Environ. Geochem. Health. DOI 10.1007/s10653-320 
015-9775-z. 321 
McCarty, L.B., Hubbard Jr, L.R., Quisenberry, V., 2016. Applied soil physical properties, drainage, 322 
and irrigation strategies, Springer International Publishing, USA. 323 
Mingot, J., De Miguel, E., Chacón, E., 2011. Assessment of oral bioaccessibility of arsenic in 324 
playground soil in Madrid (Spain): A three-method comparison and implications for risk 325 
assessment. Chemosphere. 84, 1386-1391. 326 
Oomen, A.G., Hack, A., Minekus, M., Zeijdner, E., Cornelis, C., Schoeters, G., Verstraete, W., Van 327 
de Wiele, T., Wragg, J., Rompelberg, C.J.M., Sips, A.J.A.M.,  Van Wijnen, J.H., 2002. 328 
Comparison of five in vitro digestion models to study the bioaccessibility of soil contaminants. 329 
Environ. Sci. Technol. 36, 3326-3334. 330 
Oomen, A.G., Tolls, J., Sips, A.J.A.M., Van den Hoop, M.A.G.T., 2003. Lead speciation in artificial 331 
human digestive fluid. Arch. Environ. Contam. Toxicol. 44, 107-115. 332 
Oomen, A.G., Rompelberg, C.J.M., Van de Kamp, E., Pereboom, D.P.K.H., De Zwart, L.L., Sips, 333 
A.J.AM., 2004. Effect of bile type on the bioaccessibility of soil contaminants in an in vitro 334 
digestion model. Arch. Environ. Contam. Toxicol. 46, 183-188. 335 
Palumbo-Roe, B., Klinck, B., 2007. Bioaccessibility of arsenic in mine waste-contaminated soils: a 336 




Reis, A.P., Patinha, C., Noack, Y., Robert, S., Dias, A.C., Ferreira da Silva, E., 2014. Assessing the 339 
human health risk for aluminium, zinc and lead in outdoor dusts collected in recreational sites used 340 
by children at an industrial area in the western part of the Bassin Minier de Provence, France. J. 341 
Afr. Earth. Sci. 99, 724-734. 342 
Roussel, H., Waterlot, C., Pelfrêne, A., Pruvot, C., Mazzuca, M., Douay, F., 2010. Cd, Pb and Zn 343 
oral bioaccessibility of urban soils contaminated in the past by atmospheric emissions from two 344 
lead and zinc smelters. Arch. Environ. Con. Tox. 58, 945-954. 345 
Saalfield, S.L., Bostick, B.C., 2010. Synergistic effect of calcium and bicarbonate in enhancing 346 
arsenate release from ferrihydrite. Geochim. Cosmochim. Ac. 74, 5171-5186. 347 
Shock, S.S., Bessinger, B.A., Lowney, Y.W., Clark, J. L., 2007. Assessment of the solubility and 348 
bioaccessibility of barium and aluminum in soils affected by mine dust deposition. Environ. Sci. 349 
Technol. 41, 4813-4820. 350 
Wragg, J., Cave, M., Basta, N., Brandon, E., Casteel, S., Denys, S., Gron, C., Oomen, A., Reimer, 351 
K., Tack, K., de Wiele, T.V., 2011. An inter-laboratory trial of the uniﬁed BARGE 352 
bioaccessibility method for arsenic, cadmium and lead in soil. Sci. Total. Environ. 409, 4016-353 
4030. 354 
Zong, Y.T., Xiao, Q., Lu, S.G., 2016. Distribution, bioavailability, and leachability of heavy metals 355 











Figure 1 Bioaccessibility of (a) Al, (b) As, (c) Cd, (d) Cr, (e) Cu, (f) Mn, (g) Ni, (h) Pb and (i) 365 
Zn in the simulated gastric environment. All values are presented as mean ± standard 366 
error (n=3) and bars with different letters indicate significantly different (P < 0.05) 367 
Figure 2  Bioaccessibility of (a) Al, (b) As, (c) Cd, (d) Cr, (e) Cu, (f) Mn, (g) Ni, (h) Pb and (i) 368 
Zn in the simulated gastrointestinal environment. All values are presented as mean ± 369 

















Table 1  Some major physical and chemical characteristics of the soil materials used in 
this study 
Soil parameter FG1 FG2 
pH 7.12 6.62 
EC (dS/m) 0.039 0.035 
Organic carbon content (%) 1.11 1.27 
0.125-0.25 mm fraction (%) 54 47 
0.063-0.125 mm fraction (%) 32 32 
0.002-0.125 mm fraction (%) 13 20 
<0.002 mm fraction (%) 1 1 
Total As (mg/kg) 29.6 27.2 
Total Al (mg/kg) 21013 19247 
Total Ca (mg/kg) 32166 32173 
Total Cd (mg/kg) 6.19 9.28 
Total Cr (mg/kg) 68.8 68.8 
Total Cu (mg/kg) 2768 3377 
Total Fe (mg/kg) 28131 21833 
Total K (mg/kg) 1859 2423 
Total Mn (mg/kg) 3865 3511 
Total Na (mg/kg) 959 799 
Total Ni (mg/kg) 811 925 
Total Pb (mg/kg) 1498 1597 
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Table 2  Total concentration of various elements estimated by HNO3-HCl-H2O2 
digestion 
 
Particle fraction (mm) 
Element (mg/kg) 0.125-0.25 0.063-0.125  0.063-0.002  <0.002  
Sample FG1 
    Al 8640±91.4c 10244±294c 13898±614b 44247±842a 
As 11.3±0.35d 15.6±0.50c 25.3±0.47b 60.7±0.46a 
Cd 1.14±0.06d 1.64±0.04c 2.53±0.10b 7.25±0.12a 
Cr 30.1±0.50d 42.2±1.38c 65.2±2.28b 103±0.94a 
Cu 957±39.0d 1281±27.8c 2077±62.8b 5846±65.4a 
Fe 22129±1151d 28446±539c 39839±694b 47691±791a 
Mn 925±47.7d 1249±78.8c 1773±43.0b 3805±46.1a 
Ni 295±10.8d 395±12.6c 596±12.6b 1509±26.0a 
Pb 484±11.5d 673±17.3c 1132±23.0b 2683±40.7a 
Zn 352±6.62d 471±9.77c 749±14.2b 2197±31.5a 
Sample FG2 
    Al 8423±175c 11552±243b 12612±229b 47375±1132a 
As 12.5±1.74d 19.2±1.89c 29.7±1.91b 55.6±0.59a 
Cd 2.08±0.20c 2.19±0.44c 4.51±0.03b 10.5±0.50a 
Cr 30.1±4.13d 44.5±3.07c 61.3±6.45b 93.9±0.76a 
Cu 826±8.96d 1061±40.2c 1393±28.2b 3429±27.8a 
Fe 23526±2148c 30084±1612b 29328±1143b 48341±349a 
Mn 771±20.0c 1126±40.4c 1764±237b 3740±33.5a 
Ni 309±38.2c 453±41.6c 614±70.2b 1422±11.6a 
Pb 323±42.6d 524±60.2c 741±87.9b 1706±11.8a 
Zn 321±46.5c 508±19.4b 643±71.9b 1811±14.4a 
All values are presented as mean ± standard error (n=3). Means with different letters in the same row are 
significantly different at P < 0.05. 
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Table 3  Concentration of various elements by the gastric phase extraction 
 
Particle fraction (mm) 
Element (mg/kg) 0.125-0.25 0.063-0.125  0.063-0.002  <0.002  
Sample FG1 
    Al 684±2.52c 798±23.2c 941±49.1b 2592±59.7a 
As 0.63±0.03d 0.98±0.06c 1.34±0.06b 3.45±0.14a 
Cd 0.55±0.00c 0.73±0.01b 0.88±0.03b 2.43±0.10a 
Cr 1.10±0.03c 1.30±0.03c 1.53±0.10b 3.48±0.08a 
Cu 496±2.27d 668±21.0c 870±42.9b 2649±78.9a 
Fe 116±2.90c 134±3.84bc 159±13.4b 426±8.29a 
Mn 390±1.57d 506±12.0c 611±27.6b 1345±41.2a 
Ni 79.4±0.38c 104±2.22c 135±7.12b 428±14.1a 
Pb 223±1.00c 266±10.6c 367±18.6b 932±20.8a 
Zn 158±0.59c 204±5.36bc 256±10.8b 908±37.1a 
Sample FG2 
    Al 606±23.5c 896±65.6bc 1072±16.5b 3296±166a 
As 0.44±0.02c 0.89±0.05b 1.07±0.03b 2.68±0.17a 
Cd 0.73±0.01d 1.18±0.03c 1.68±0.06b 4.51±0.24a 
Cr 0.76±0.04c 1.06±0.07bc 1.22±0.01b 2.88±0.18a 
Cu 262±5.09c 412±21.8b 526±4.75b 1537±74.5a 
Fe 96.3±6.64c 184±14.4b 229±14.7b 529±30.6a 
Mn 295±9.12c 461±28.1b 568±13.9b 1348±57.6a 
Ni 58.9±2.00d 96.2±4.04c 126±1.22b 364±16.9a 
Pb 112±7.61c 171±12.5b 224±2.00b 582±29.0a 
Zn 114±0.56c 180±7.16b 210±1.11b 785±37.3a 
All values are presented as mean ± standard error (n=3). Means with different letters in the same row 
are significantly different at P < 0.05. 
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Table 4  Concentration of various elements by the gastrointestinal phase extraction 
 
Particle fraction (mm) 
Element (mg/kg) 0.125-0.25 0.063-0.125  0.063-0.002  <0.002  
Sample FG1 
    Al 135±13.8c 151±12.9c 281±18.2b 1092±30.2a 
As 1.45±0.04c 1.66±0.05bc 1.92±0.06b 3.51±0.14a 
Cd 0.15±0.01c 0.17±0.01c 0.30±0.03b 1.14±0.03a 
Cr 0.71±0.06c 0.78±0.03c 1.06±0.03b 2.11±0.07a 
Cu 401±2.38d 510±14.1c 767±35.5b 2164±37.7a 
Fe 41.6±3.19c 45.6±5.46c 63.8±5.56b 210±3.73a 
Mn 256±7.31d 313±14.0c 460±15.6b 932±17.4a 
Ni 63.8±0.66c 74.7±2.58c 106±4.37b 301±5.32a 
Pb 40.7±4.13c 47.9±3.35c 108±7.51b 292±2.71a 
Zn 78.7±3.35c 85.0±1.19c 117±6.69b 357±5.98a 
Sample FG2 
    Al 102±11.0c 157±8.34c 273±27.6b 1127±38.5a 
As 1.25±0.07c 1.66±0.06b 1.98±0.16b 2.40±0.08a 
Cd 0.15±0.02d 0.37±0.02c 0.75±0.01b 2.02±0.04a 
Cr 0.75±0.02c 0.83±0.02c 1.01±0.05b 1.45±0.04a 
Cu 183±2.58d 302±5.44c 460±18.4b 1034±17.7a 
Fe 36.7±3.19c 52.9±2.88bc 77.7±8.04b 185±14.3a 
Mn 183±7.04d 270±4.45c 396±1.75b 774±12.0a 
Ni 41.3±0.87d 66.4±1.15c 103±2.88b 229±4.45a 
Pb 17.2±1.75d 28.4±1.65c 53.9±4.06b 138±4.58a 
Zn 58.8±1.19d 66.8±2.31c 82.0±0.87b 254±3.19a 
All values are presented as mean ± standard error (n=3). Means with different letters in the same row are 
significantly different at P < 0.05. 
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Table 5  Linear relationship between the total concentration (Y) and gastric phase or 
gastro-intestinal phase (X) for each element in different soil particle fractions 
Soil sample Elements Regression equations R p-value 
FG1 Gastric phase 
   
 Al y = 18.57x – 4023.48 0.994 0.000 
 As y = 17.47x + 0.31 0.993 0.000 
 Cd y = 3.19x – 0.53 0.991 0.000 
 Cr y = 27.99x + 8.46 0.948 0.000 
 Cu y = 2.34x – 81.56 0.993 0.000 
 Mn y = 2.95x – 167.19 0.987 0.000 
 Ni y = 3.37x + 70.24 0.989 0.000 
 Pb y = 3.00x – 99.08 0.990 0.000 
 Zn y = 2.38x + 32.71 0.991 0.000 
 Gastrointestinal phase 
   
 Al y = 36.53x + 4103.54 0.992 0.000 
 As y = 23.40x – 21.76 0.986 0.000 
 Cd y = 5.91x + 0.54 0.993 0.000 
 Cr y = 47.81x + 4.63 0.959 0.000 
 Cu y = 2.75x – 98.32 0.997 0.000 
 Mn y = 4.18x – 108.98 0.992 0.000 
 Ni y = 4.95x + 23.21 0.994 0.000 
 Pb y = 8.46x + 209.45 0.995 0.000 
 Zn y = 6.39x – 75.29 0.995 0.000 
FG2 Gastric phase 
   
 Al y = 14.73x – 1876.45 0.988 0.000 
 As y = 18.78x + 5.36 0.969 0.000 
 Cd y = 2.30x + 0.15 0.986 0.000 
 Cr y = 27.12x + 17.32 0.928 0.000 
 Cu y = 2.03x + 284.19 0.995 0.000 
 Mn y = 2.78x – 5.58 0.975 0.000 
 Ni y = 3.58x + 123.61 0.984 0.000 
 Pb y = 2.85x + 47.77 0.980 0.000 
 Zn y = 2.14x + 131.61 0.988 0.000 
 Gastrointestinal phase 
   
 Al y = 37.86x + 4343.12 0.996 0.000 
 As y = 33.35x – 31.56 0.900 0.000 
 Cd y = 4.70x + 0.96 0.981 0.000 
 Cr y = 84.72x – 28.00 0.958 0.000 
 Cu y = 3.12x + 129.90 0.991 0.000 
 Mn y = 5.08x – 212.62 0.988 0.000 
 Ni y = 5.93x + 47.25 0.986 0.000 
 Pb y = 11.04x + 168.61 0.976 0.000 
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